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Abstract: Ischemic stroke is a highly prevalent vascular disease leading to oxygen- and glucose de-
privation in the brain. In response, ischemia-induced neovascularization occurs, which is supported
by circulating CD34+ endothelial progenitor cells. Here, we used the transient middle cerebral artery
occlusion (tMCAO) mouse model to characterize the spatio-temporal alterations within the ischemic
core from the acute to the chronic phase using multiple-epitope-ligand cartography (MELC) for
sequential immunohistochemistry. We found that around 14 days post-stroke, significant angiogen-
esis occurs in the ischemic core, as determined by the presence of CD31+/CD34+ double-positive
endothelial cells. This neovascularization was accompanied by the recruitment of CD4+ T-cells and
dendritic cells as well as IBA1+ and IBA1− microglia. Neighborhood analysis identified, besides
pericytes only for T-cells and dendritic cells, a statistically significant distribution as direct neighbors
of CD31+/CD34+ endothelial cells, suggesting a role for these cells in aiding angiogenesis. This
process was distinct from neovascularization of the peri-infarct area as it was separated by a broad
astroglial scar. At day 28 post-stroke, the scar had emerged towards the cortical periphery, which
seems to give rise to a neuronal regeneration within the peri-infarct area. Meanwhile, the ischemic
core has condensed to a highly vascularized subpial region adjacent to the leptomeningeal compart-
ment. In conclusion, in the course of chronic post-stroke regeneration, the astroglial scar serves as
a seal between two immunologically active compartments—the peri-infarct area and the ischemic
core—which exhibit distinct processes of neovascularization as a central feature of post-stroke tis-
sue remodeling. Based on our findings, we propose that neovascularization of the ischemic core
comprises arteriogenesis as well as angiogenesis originating from the leptomenigeal vasculature.

Keywords: stroke; angiogenesis; dendritic cell; microglia; T-cell; multiplex immunohistochemistry

1. Introduction

Ischemic stroke is a highly prevalent vascular disease that carries a relevant burden of
disability and socioeconomic strain. It is a consequence of the acute occlusion of a cerebral
artery leading to oxygen- and glucose deprivation in the brain parenchyma of the respective
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vascular territory. In this context, the activation of microglia and rapid deterioration of
neurons occurs, leading to the release of damage-associated molecular pattern molecules
(DAMPS) and thereby to further glial activation and subsequent secretion of cytokines
and matrix metalloproteinases [1]. As a result, disruption of the blood–brain barrier (BBB)
takes place, which paves the way for immune cell infiltration into the otherwise strictly
immunologically privileged brain [2]. In the course of astrocyte activation, a broad glial
scar forms around the ischemic border, virtually sealing the ischemic core (IC) off from
the peri-infarct area. Whether it represents a protective mechanism keeping the surviving
parenchyma separated from the inflamed and necrotic tissue or whether this separation
in fact hinders regenerative processes to expand into the ischemic core is not yet clearly
understood [3,4].

So far, studies on post-stroke recovery focused on the peri-infarct area because it is
considered to represent the closest histological correlate of the penumbra. The penumbra
was characterized in 1977 by Astrup et al. as a region where blood flow has dropped below
the threshold necessary to uphold electrophysiological neuronal functions, but not yet
below the threshold necessary to maintain structural integrity, retaining the potential of full
recovery in case of reperfusion within a certain time window [5]. Today, all causal stroke
therapies rely on this concept.

Furthermore, significant regenerative potential is attributed to the peri-infarct area,
which is reflected, e.g., by the occurrence of strong ischemia-induced neovascularization [6].
This term summarizes three possible mechanisms: (a) vasculogenesis, the sprouting of
new vasculature mainly taking place during embryogenesis and tumor formation, but
also observed to a certain extent in cardio-vascular diseases [7]; (b) arteriogenesis, which
means the enlargement of pre-existing collaterals mainly driven by shear stress sensed by
the affected endothelium [8]; and (c) angiogenesis, where a stress signal such as ischemia
activates endothelial cells to form new vessels, which is supported by circulating endothelial
progenitor cells (EPCs) [9]. These EPCs share several characteristics with hematopoietic
stem cells, e.g., the expression of hematopoietic progenitor cell antigen CD34 [10]. They
stimulate or potentially even integrate into the activated endothelium of pre-existing vessels
to differentiate into tip cells, which clear and guide the way for new sprouts through the
surrounding extracellular matrix [11]. Tip cells are followed by stalk cells, which show
high proliferative activity to elongate the forming vessel and create a vascular lumen and
branches [12]. Supported by macrophages, tip cells subsequently fuse with other tip cells
to build up vascular circuits [13]. During maturation, the newly formed vessels attract and
integrate pericytes and other mural cells [14].

Although these newly formed vessels during post-stroke recovery have shown to lack
a fully equipped BBB and possibly recede over the long term [15], angiogenesis has been
associated with functional recovery [16]. It has been proposed that angiogenesis could
support neural remodeling by stimulating neural progenitor cell proliferation through
secreted mediators such as VEGF or BDNF [17] serving as scaffolds for the migration
of those cells from the subventricular zone (SVZ) and supplier of nutrients and oxygen
to enhance neural maturation [18]. Whether these processes also take place within the
ischemic core remains elusive. So far, this compartment has received less attention as it is
usually considered the necrotic remnant of the ischemic event.

Nevertheless, evidence is accumulating that certain aspects of the post-stroke inflam-
matory process are specific to this region [19,20]. It has been argued that stroke patients’
outcomes rely less on the extent of the penumbra, which is relatively uniform between
cases, and more on the varying volume of the ischemic core [21]. Multiple attempts to
design immunomodulatory treatments for ischemic stroke have not yet translated into
clinical therapeutic strategies. Therefore, a compartment-specific approach might be key to
future research targets.

We therefore aimed at a comprehensive characterization of the spatio-temporal al-
terations within the ischemic core from the acute to the chronic phase after experimental
stroke using a multiple-epitope immunohistochemical approach. For this purpose, mice
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were nursed following an intensive post-stroke care protocol [22] and examined clini-
cally and histologically at 1, 3, 7, 14 and 28 days after transient middle cerebral artery
occlusion (tMCAO).

2. Materials and Methods
2.1. Ethics Statement

All animals involved in the presented experiments were approved by the local Ethics
Committees for Animal Research (Darmstadt) under the permit number FU/1182. Experi-
ments were performed in accordance with the German Protection of Animals Act and the
guidelines for care and use of laboratory animals by the local committee (Regierungsprä-
sidium Darmstadt).

2.2. Transient Middle Cerebral Artery Occlusion and Post-Stroke Care

In total, 25 male C57Bl/6J mice (25–30 g) at the age of 10 to 12 weeks old were
purchased from Charles River Laboratories (Sulzfeld, Germany). The right middle cere-
bral artery was occluded as described previously [23]. In brief, mice were anesthetized
using 1.5% isoflurane administered continuously via a breathing mask and kept on a
temperature-controlled heating mat throughout surgeries. The right common and external
carotid arteries were ligated before the insertion of a standard silicone-coated monofilament
(6-0 medium, coating length 9 mm, catalog No. 6023910PK10; Doccol, Sharon, MA, USA)
until the branching point of the middle cerebral artery. After 1 h, the filament was retracted
to allow reperfusion. To achieve analgesia 0.1 mg/kg bodyweight buprenorphine was
injected i.p. 30 min before surgery and every 8 h during the first 48 h. Up to 5 animals were
grouped into cages and kept on a heating mat (Beurer, Ulm, Germany). The body weight,
rectal temperature and clinical signs of pain, agitation or severe apathy were monitored
daily. Functional scoring was performed on day 1, 3, 7, 14 and 28 after surgery, using
the Experimental Stroke Scale (ESSf) developed by Lourbopoulos et al. [22]. This score
comprises 11 items testing for sensory and motor dysfunction, neglect, behavioral and
coordination deficits. To secure an adequate food and water supply, we followed the
maximized post-stroke support protocol described before including easily accessible jelly
food, oral feeding support and s.c. injections of warmed 0.9% saline adjusted to the animals’
individual demand. The mortality rate was 24% including 3 mice that were excluded
due to signs of herniation, subarachnoid hemorrhage, or late-onset ischemia. Surviving
animals were followed-up for 24 h, 3 d, 7 d, 14 d or 28 d post-stroke, grouping 5 animals
per observation timepoint. All procedures have been conducted in an unblinded and
unrandomized manner as all animals received the same treatment and no intervention (e.g.,
drug administration) was performed. A total of 4 animals per group were used for MELC
analysis. An overview of the study design is given in Figure 1A. All brains were examined
macroscopically for signs of subarachnoid hemorrhage after removal. Tissue sections were
macroscopically examined for blood-clot formations.

Figure 1

Figure 1. Cont.
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Figure 1

Figure 1. Long-term recovery in the tMCAO model. (A) Flow chart of study design. (B) Weight
loss tMCAO surgery presented as percentage reduction from preoperative body weight ± SEM
n = 25, **** p < 0.0001 vs. baseline, # p < 0.05, #### p < 0.0001 vs. d5. One-way ANOVA with Bartlett
correction. (C) ESSf scores for mice taken at the indicated days after stroke induction ± SEM. n = 25,
**** p < 0.0001 vs. baseline, #### p < 0.0001 vs. d5. One-way ANOVA with Bartlett correction.

2.3. Multi-Epitope-Ligand-Carthographie (MELC)

MELC technology is an automated immunohistological imaging method and can
be used to visualize very high numbers of antibodies on the same sample as described
before [24–26]. Briefly, whole brains were isolated and natively frozen in Tissue TEK O.C.T.
Compound (Sakura Finetek, Torrance, CA, USA) on dry ice and stored at −80 ◦C until
sectioning. Mid-brain coronal tissue sections were taken at a 10 µm thickness on silanized
cover slips, fixed in 4% paraformaldehyde in PBS for 15 min, permeabilized with 0.1% Triton
X100 in PBS for 15 min and blocked with 3% BSA in PBS for 1 h. The sample was placed on
the stage of a Leica DM IRE2 and a picture was taken. Then, in an automated procedure,
the sample was incubated for 15 min with bleachable fluorescence-labelled antibodies and
rinsed with PBS. Afterward, the phase contrast and fluorescence signals were imaged by a
cooled charge-coupled device camera (Apogee KX4, Apogee Instruments, Logan, UT, USA).
A bleaching step was performed to delete fluorescence signals, and the post-bleaching
image was recorded. Then, the next antibody was applied and the process was repeated.
For data analysis, fluorescence images produced by each antibody were aligned pixel-wise
and were corrected for illumination faults using flat-field correction. The post-bleaching
images were subtracted from their following fluorescence image. The antibodies used are
listed in Supplemental Table S1.

2.4. Analysis of MELC Data

In the first step, all greyscale antibody channel images were processed using ImageJ
1.52v to diminish noise, background fluorescence and remove artefacts for further analyses
if necessary. The staining for NeuN, GFAP and Map2 were used to divide the images in
areas containing stroke or healthy tissue. Subsequently, Cell Profiler (version 3.1.9) [27] was
used for additional illumination correction and the generation of a cell mask for single-cell
segmentation using the images for propidium iodide (cell nuclei) and CD45. The resulting
segmentation mask was loaded into histoCAT (version 1.76) (20) together with the corre-
sponding antibody channel images. All images, excluding the images used for single-cell
mask generation, were z-score normalized and used for Barnes–Hut t-SNE (BH t-SNE) [28]
and PhenoGraph analysis [29] as implemented in histoCAT. PhenoGraph defines cell clus-
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ters based on single-cell mask and marker colocalization (k was set to 20 or 30). A BH
t-SNE scatter plot was overlaid with a colored PhenoGraph cluster map. The clusters of the
PhenoGraph were exported from histoCAT and further analysed with the SPADE V3.0 tool
for Matlab to generate spanning trees of density-normalized events [30]. After defining the
single cells with the segmentation mask in histoCAT, the z-score normalized images were
exported and used for a FACS-like analysis in FlowJo (version 10.8.1). To investigate the
relationship between clusters, neighborhood analysis under standard conditions as imple-
mented in histoCAT was used [31]. The gained result was a score between 0 and 100 for
all clusters which was imported in Cytoscape (version 3.8.2) to generate neighborhood
trees [32].

2.5. Data Analysis and Statistics

All data are presented as mean ± SEM. Determination of statistically significant
difference in all experiments including was conducted with one-way analysis of variance
(ANOVA) followed by post hoc Bonferroni correction using GraphPad Prism. 7. For in vitro
experiments comparing only two groups, Student’s t-test was carried out with Welch’s
correction. A p value of <0.05 was considered statistically significant.

3. Results
3.1. Long-Term Recovery from Stroke

Using a recently established protocol for murine post-stroke care, we were able to
achieve full recovery in 76% of the mice in the tMCAO model [22,33]. The mice undergoing
tMCAO showed a weight loss of up to 20% after stroke induction whereby the weight
loss reached the nadir at day 5. From day 6 onward, weight either stabilized or started to
recover (Figure 1A). tMCAO-induced focal neurological or systemic behavioral deficits
were measured using the experimental stroke scale (ESSf) [22]. The ESSf score was maximal
after 1 day post-stroke and receded completely until day 28 post-stroke (Figure 1B).

To investigate the time course of neovascularization and immune cell recruitment
in the tMCAO model, we used the MELC technology for multiple sequential immuno-
histochemistry. The MELC technology is an automated system, allowing the imaging
of an unrestricted number of directly labelled antibodies on the same tissue sample.
Overall, 26 antibodies were used to image vessels, neurons, glia cells and immune cells
(Supplementary Table S1). Since the cellular and immunological responses in the stroke
area are expected to undergo changes between stroke induction and full recovery, we tested
the expression of these markers at times, which define the acute (day 1, 3 post-stroke),
subacute (day 7) and the recovery phase (day 14) as well as day 28 where full recovery was
achieved according to bodyweight and ESSf scores.

In a first step, brain slices were stained with either cresyl violet or hematoxylin/eosin
stain to define stroke areas. Cresyl violet and hematoxylin/eosin staining showed a dra-
matic cellular loss in the right hemisphere starting 1 day after stroke; thereafter, the affected
area decreased significantly over time towards a defined subpial cortical region (Figure 2A).
Twenty-eight days after stroke induction, this region showed intense nuclear staining
but only light cytoplasmic staining (Figure 2A). Surprisingly, a striking structural reor-
ganization of the peri-infarct area including partial repopulation by neurons seemed to
occur (Figure 2B). Immunofluorescent staining for GFAP confirmed the formation of a
wide astroglial scar surrounding the ischemic core at the border to the peri-infarct area
(Figure 2C), showing a strict compartmentalization of the ischemic hemisphere during
long-term observation after tMCAO.

In accordance with previous reports, the ischemic area was defined by the absence
of neurons and low expression of MAP2 (i.e., day 3–14 after stroke) [34,35] (Figure 2D).
Thus, in the following experiments, the combined information from histological and im-
munohistochemical staining for neurons (NeuN) and the microtubule-associated protein
2 (MAP2) [34,35] was used to define the border of the stroke-affected area, which were
chosen for the MELC analysis (Figure 2D).
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staining of brains at the indicated times after stroke induction. The black dashed lines depict regions 
with severe cell loss. (B) Immunohistochemical staining for nuclei (DAPI) and neurons (NeuN). The 
white lines depict areas with severe neuronal loss. (C) Immunohistochemical staining for nuclei 
(DAPI), astrocytes (GFAP) and neurons (NeuN). The white dotted lines depict the area with severe 
neuronal loss (ischemic core). (D) Immunohistochemical staining of areas at the border between 
stroke (S) and unaffected tissue for MAP2 and NeuN. The white dotted lines depict the border be-
tween stroke and unaffected tissue. The white bar represents 100 µm. 

  

Figure 2. Histochemical and immunohistochemical analyses of the stroke area. (A) Nissl- and
H/E-staining of brains at the indicated times after stroke induction. The black dashed lines depict
regions with severe cell loss. (B) Immunohistochemical staining for nuclei (DAPI) and neurons
(NeuN). The white lines depict areas with severe neuronal loss. (C) Immunohistochemical staining
for nuclei (DAPI), astrocytes (GFAP) and neurons (NeuN). The white dotted lines depict the area
with severe neuronal loss (ischemic core). (D) Immunohistochemical staining of areas at the border
between stroke (S) and unaffected tissue for MAP2 and NeuN. The white dotted lines depict the
border between stroke and unaffected tissue. The white bar represents 100 µm.

3.2. Temporal and Spatial Patterns of Neoangiogenesis during Stroke Recovery

To determine neovascularization, we analyzed the expression of CD31+/CD34+ ves-
sels over the course of 28 days in the stroke area using the MELC technology. The fields
of vision for MELC analyses were chosen at the border of the stroke area to compare
vascularization in the ischemic core and peri-infarct area. For quantitative assessment of
CD31+/CD34+ endothelial tip cells, we used a segmentation mask to extract single-cell data
from images including abundances of all measured markers and the microenvironment
of each cell such as cell neighbors and cell crowding. This information was compiled into
a flow cytometry standard format (.fcs) file for further analysis, which showed a strong
upregulation of CD31+/CD34+ endothelial cells starting at day 14 after stroke induction
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(Figure 3A,B). Interestingly, at day 28, the granulomatous, subpially localized cortical
remnants of the ischemic core exhibited an especially high amount of neovascularization
and is in the following referred to as “ischemic core area of neovascularization” (IC-ANV;
Figure 3A,B). Subsequent analysis using tSNE maps as a multi-dimensional reduction tool
also showed a high amount of non-endothelial stem cells (CD31−/CD34+) in the ischemic
core regions, apart from the CD31+/CD34+-populated IC-ANV (Figure 3C). The identifica-
tion of cell subpopulations and cell transitions using spanning-tree progression analysis of
density-normalized events (SPADE) confirmed the increased presence of the CD31+/CD34+

population in the IC-ANV as compared to the surrounding ischemic core (Figure 3D). Thus,
so far, the data show that angiogenesis, as defined by the occurrence of CD31+/CD34+

endothelial tip cells, starts in the areas affected by the stroke 14 days after induction.
Twenty-eight days post-ischemia, an especially strong neovascularisation is observed in the
subpial cortical area, which might be due to a massive outgrowth of leptomeningeal vessels.

Cells 2022, 11, x FOR PEER REVIEW 8 of 17 
 

 

 
Figure 3. Analysis of neoangiogenesis over time of the stroke area. (A) Representative MELC images 
showing CD31 and CD34 staining in healthy tissue, stroke area (S) and the ischemic core area of 
neovascularization (IC-ANV) at the indicated times. The white bar represents 100 µm. (B) Quanti-
tative assessment of CD31+/CD34+ endothelial cells based on the MELC images using flow cytometry 
standard format in the ischemic core and IC-ANV. Data are shown as mean ± S.E.M (n = 4). One-
way ANOVA/Bonferroni *** p < 0.001. (C) tSNE maps with highlighted CD31 and CD34 expression 
at the indicated times. (D) Identification of cell subpopulations and cell transitions using SPADE 
analysis at the indicated times in the ischemic core and IC-ANV. 

  

Figure 3. Analysis of neoangiogenesis over time of the stroke area. (A) Representative MELC
images showing CD31 and CD34 staining in healthy tissue, stroke area (S) and the ischemic core
area of neovascularization (IC-ANV) at the indicated times. The white bar represents 100 µm.
(B) Quantitative assessment of CD31+/CD34+ endothelial cells based on the MELC images using
flow cytometry standard format in the ischemic core and IC-ANV. Data are shown as mean ± S.E.M
(n = 4). One-way ANOVA/Bonferroni *** p < 0.001. (C) tSNE maps with highlighted CD31 and CD34
expression at the indicated times. (D) Identification of cell subpopulations and cell transitions using
SPADE analysis at the indicated times in the ischemic core and IC-ANV.
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3.3. Temporal and Spatial Patterns of Immune Cell Recruitment

Since we observed an increased cell density in the IC-ANV and it has been shown
that several immune cell types, such as macrophages and neutrophils, can induce or
support post-stroke angiogenesis [36], we investigated the recruitment of immune cells to
the ischemic core and especially their presence in the IC-ANV. Therefore, we performed
MELC runs using antibodies to identify endothelial cells, microglia, monocyte-derived
macrophages, dendritic cells, neutrophils, and various T-cell subtypes (Supplemental
Table S1). We found that until day 7 post-stroke, only microglia (F4-80+/Ly6C−/Iba1−)
were detectable in the ischemic core (Figure 4A–C). However, starting at day 14 post-
stroke, dendritic cells, T-cells and Iba1-expressing microglia also appeared in the stroke-
affected region (Figure 4D). The number of neurons decreased rapidly after stroke induction
(Figure 4B,D), while NG2-positve cells (probably oligodendrocyte precursor cells (OPCs)
and pericytes) remained relatively stable over time (Figure 4B,D).

Figure 4
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Figure 4. Analysis of immune cell recruitment to the stroke area. (A) Representative MELC images
showing stroke-affected (S) and unaffected areas at day 1 and 14 after stroke induction. The white
lines depict the borders between the two areas. The white bar represents 100 µm. (B–D) Quantitative
analysis of immune cells based on the MELC images using flow cytometry standard format in the
stroke-affected regions. Data are shown as mean ± S.E.M. (n = 4). One-way ANOVA/Bonferroni
** p < 0.01; *** p < 0.001.
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Since we found that the subpial cortical IC-ANV showed a higher cell density as
compared to the surrounding ischemic area (Figure 2B), in the next step, we investigated
whether or not immune cell recruitment is increased in this area. Quantitative analysis
of the MELC data confirmed that the number of CD31+/CD34+ endothelial tip cells was
significantly increased in the IC-ANV as compared to neighboring stroke-affected areas,
mainly comprising the astroglial scar (Figure 5A,B). In regard to the number of immune cells,
we found that dendritic cells, Iba1-negative microglia, and T-cells showed a roughly twofold
increase in the IC-ANV as compared to neighboring stroke-affected areas (Figure 5A,B). In
contrast, the number of NG2+ cells and pericytes and Iba1-positive microglia did not differ
between both regions (Figure 5A,B).
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Figure 5. Localized differences of the immune cell distribution in the stroke-affected region. (A) Rep-
resentative MELC images of different immune cells in unaffected and stroke-affected areas (S) as
well as IC-ANV 28 days after stroke induction. White dotted lines depict the borders between the
three areas. The white bar represents 100 µm. (B) Quantitative analysis of immune cells based on
the MELC images using flow cytometry standard format in the ischemic core and IC-ANV. Data are
shown as mean ± S.E.M (n = 4). Two tailed Student’s t-test * p < 0.05; *** p < 0.001.

To study which of these cell types are putative interaction partners of CD31+/CD34+

endothelial tip cells and could influence angiogenesis, we aimed to determine the cellu-
lar neighborhood of these cells. Therefore, we performed a neighborhood analysis [31],
which aims to identify cell types neighboring the CD31+/CD34+ endothelial cells more
often, as expected for a random distribution. The scores received by the neighborhood
analysis were then plotted using Cytoscape software to visualize the data as neighbor-
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hood trees (Figure 6A). The neighborhood analysis showed that dendritic cells, T-cells,
and NG2-positive cells, which most likely represent pericytes, were direct neighbors of
CD31+/CD34+ endothelial tip cells, while microglia and astrocytes were more rarely in
the neighborhood of the endothelial tip cells (Figure 6A). The T-cell population consisted
of CD3+/CD4+/CD27+/CD8−/T-bet−/RORγt− expressing T-cells (Figure 6B) and the
dendritic cells CD11c+/F4 80− expressing cells (Figure 6C). Taken together, the data show
an accumulation of immune cells in the IC-ANV including dendritic cells and CD4 T-cells,
which neighbor the CD31+/CD34+ endothelial tip cells and therefore might support post-
stroke angiogenesis.
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Figure 6. Cellular neighborhood of CD31+/CD34+ endothelial cells in the IC-ANV. (A) Network
visualization using Cytoscape of the cellular neighborhood of CD31+/CD34+ endothelial cells in
the IC-ANV 28 days after stroke induction. The distance between CD31+/CD34+ cells and the
other cell types in the visualization represents the statistical probability of being direct neighbors.
(B,C) Representative MELC images showing T-cells (panel (B)) and dendritic cells (panel (C)) in the
neighborhood of CD31+/CD34+ endothelial cells in the IC-ANV at the indicated times. The white
bar represents 10 µm.
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4. Discussion

This study explored the spatio-temporal dynamics of post-stroke angiogenesis within
the ischemic core after experimental stroke. We show a clear and reproducible compart-
mentalization of the affected brain tissue into (a) the peri-infarct area, which is separated
by (b) a broad astroglial scar from (c) the ischemic core (Figure 7). In the context of chronic
remodeling, the ischemic core transforms from the cell-deprived leftovers of sudden and
broad cell death to (d) an immunological active zone at the subpial periphery (“ischemic
core area of neovascularization/IC-ANV”). A strong vascular reorganization occurred
starting 14 days after ischemia, which exceeded mere arteriogenesis by sprouting angiogenesis
within the ischemic core. Importantly, our study shows for the first time that in addition to
the peri-infarct area, there is strong vasculo-immunological activity within the infarct core.
We therefore postulate that the post-ischemic parenchyma is subjected to transformative
processes on both sides of the astroglial scar.
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Figure 7. Tissue compartmentalization 28 days after stroke. During post-stroke recovery, the astroglial
scar separates the affected hemisphere into the peri-infarcted area (PIA) and the ischemic core (IC).
Over time, neural regeneration occurs within the PIA, which expands towards the cortical periphery
as the IC shrinks. At the subpial cortex within the IC, another region of immune cell infiltration and
neovascularization (IC-ANV) occurs in the late stage of post-stroke recovery.

In this context, the striking regenerative potential of the peri-infarct area in mice
becomes apparent, which goes along with comprehensive neural repopulation of the post-
ischemic hippocampus as well as the surrounding peri-infarcted parenchyma outside the
astroglial scar. This correlates well with complete normalization of the animals’ clinical
neurological status and indicates a remarkable capacity for adult neurogenesis in the rodent
brain. Artificial selection of mildly affected animals at late post-stroke stages was ruled-out
in our study due to (1) the utilization of an intensive post-stroke care protocol. At this, we
achieved a mortality rate of 26%, which reflects the one of patients facing a severe stroke
of the anterior cerebral circulation [37] and reduced mortality bias to the model-specific
minimum. (2) By subjecting the animals to regular clinical scoring, we verified that the
study population was homogenous concerning their neurological deficits. Additionally,
the weight-loss curve did not show sudden “pseudo improvement” after examination days
1, 3, 7 or 14, which would retrospectively hint at selective removal of severely affected
animals. (3) All mice used for this study showed cortical infarction, which was proven by
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cresyl violet and MAP2 staining, while at later timepoints, subcortical regions appeared
largely intact. In the case of short-term or imperfect arterial occlusion, tMCAO is known
to lead to subcortical infarctions, typically sparing the peripheral cortex [38,39]. Taken
together, we can exclude selection bias towards smaller infarct sizes at later examination
timepoints as an alternative explanation for the high density of neurons in the chronic stage
of post-stroke regeneration.

Apart from this, a high degree of endothelial-cell proliferative activity developed
within the ischemic cortex at late stages of post-stroke recovery. This IC-ANV was com-
pletely surrounded by the astroglial scar and was therefore clearly separated from the
peri-infarct area. By immunohistochemical examination, we identified several subgroups
of endothelial cells ranging from endothelial progenitor cells (EPCs) over CD31+/CD34+

tip cells to CD31+/CD34− mature endothelial cells organized in clear tubular formations,
hinting at the delayed induction of angiogenesis in this distinct zone within the IC. As the
expected acute leptomeningeal arteriogenesis, defined as the activation of leptomeningeal col-
laterals, is rather dominated by the action of monocytes [40] and circulating CD31+/CD34+

stem cells would not integrate into the vessel wall as seen here [41], we postulate that this
represents an additional angiogenetic potential of the leptomeningeal vasculature in the
regenerative phase after stroke.

Differing from previous reports, we did not observe neural regeneration accompanying
the angiogenesis in the IC-ANV, which might be due to the distance from the neural stem
cell niche in the SVZ and the separation by the astroglial scar. In contrast to the peri-infarct
area, the IC-ANV seems to condensate over time and might resolve completely at later
timepoints in mice. Thus, the IC-ANV might represent a site of removal of necrotic tissue
rather than regeneration of surviving tissue, whereas the scar serves as a separative seal
between those two compartments. In this light, current attempts to modulate astrocyte
polarization after stroke [42,43] should be handled carefully as a premature breakup of the
compartmented structure might lead to the release of noxious agents towards the preserved
brain tissue.

The assumingly leptomeningeal origin of the sprouting capillaries is interesting in
that these vessels differ from the central cerebral vasculature, e.g., by the lack of an external
elastic lamina [44] and by being equipped with a special blood–leptomeningeal barrier
(BLMB) [45]. In contrast to the blood–brain barrier (BBB), it is not composed of a multitude
of neurovascular cells but consists of a mono-cellular endothelium of regionally varying
permeability [46], which seems to be a critical access point for inflammatory cells to the
brain [47,48]. In this regard, it has been recently reported that before invasion of the ischemic
parenchyma, immune cells aggregate within the leptomeningeal compartment adjacent
to as well as inside the perivascular spaces within the subpial ischemic cortex [49,50].
Moreover, it has been shown that these invading cells access the meninges preferentially
by direct vascular channels from the skull bone marrow [51]. Furthermore, there is some
evidence that immune cell infiltration via the BLMB could be specifically inhibited targeting
certain adhesion molecules [52].

In principle, the infiltrating immune cell populations identified by MELC analysis
within the IC-ANV match previous reports in temporal dynamics and quantity [53,54].
Overall, the infiltration process within the IC-ANV seems somewhat delayed over those
preceding observations; however, these studies usually refer to the peri-infarct area or to the
whole ischemic hemisphere. Nevertheless, we assume the same immune–vascular crosstalk
as the basis for the angiogenic processes within the IC-ANV, as has been reported for other
sites of vascular remodeling [55] as neighborhood analysis revealed the close proximity of
dendritic cells, T lymphocytes, and pericytes to the newly spouted vessels while glial cells
such as astrocytes and microglia were more distant. An overlap of the tip-cell-associated
CD31+/CD34+ co-expression with infiltrating or intravascular hematopoietic stem cells
was not observed in the IC-ANV since CD31−/CD34+ were basically absent in this area.

One limitation of our study is the restricted field of view, which does not allow
imaging of the complete ischemic hemisphere by which particular regional alterations
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might have gone unnoticed. Moreover, we can only assume the leptomeningeal origin of
angiogenesis within the IC-AVN due to its strictly subpial localization. Further studies are
required to characterize this vascular compartment and to identify potential therapeutic
targets, e.g., for differential immunomodulatory, cytoprotective or pro-angiogenic treatment
strategies. For instance, acceleration of the post-ischemic clearing processes could create
a secure time window for glial-focused therapeutic strategies, which might expand the
regenerative potential of the peri-infarct area towards the ischemic core. On the other hand,
cytoprotective agents such as the PSD-95 modulator Nerinetide, which is currently under
clinical investigation in the context of large vessel occlusion with reperfusion, might exert
higher effects when delivered specifically to the site of action outside the astroglial scar.

In conclusion, we assume that in the course of chronic post-stroke regeneration, a dis-
tinct process of neovascularization originating from the leptomeningeal vasculature plays
a critical role for structural and functional recovery. Further insights into the compartment-
specific infiltration and action of immune cells might allow tailor-made drug design in the
future to enhance either regenerative or clearance processes within the affected hemisphere.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11101659/s1, Table S1: Antibodies used for MELC analyses.
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Vasculogenesis and Its Cellular Therapeutic Applications. Cells Tissues Organs 2017, 203, 141–152. [CrossRef]

8. van Oostrom, M.C.; van Oostrom, O.; Quax, P.H.A.; Verhaar, M.C.; Hoefer, I.E. Insights into mechanisms behind arteriogenesis:
What does the future hold? J. Leukoc. Biol. 2008, 84, 1379–1391. [CrossRef]

https://www.mdpi.com/article/10.3390/cells11101659/s1
https://www.mdpi.com/article/10.3390/cells11101659/s1
http://doi.org/10.3389/fimmu.2020.00294
http://www.ncbi.nlm.nih.gov/pubmed/32174916
http://doi.org/10.1038/jcbfm.2012.11
http://www.ncbi.nlm.nih.gov/pubmed/22354151
http://doi.org/10.1038/jcbfm.2009.257
http://www.ncbi.nlm.nih.gov/pubmed/19997116
http://doi.org/10.1371/journal.pone.0070124
http://doi.org/10.1161/01.STR.8.1.51
http://doi.org/10.1016/S0002-9440(10)64964-4
http://doi.org/10.1159/000448551
http://doi.org/10.1189/jlb.0508281


Cells 2022, 11, 1659 14 of 15

9. Yang, Y.; Torbey, M.T. Angiogenesis and Blood-Brain Barrier Permeability in Vascular Remodeling after Stroke. Curr. Neuropharmacol.
2020, 18, 1250–1265. [CrossRef]

10. Sidney, L.E.; Branch, M.J.; Dunphy, S.E.; Dua, H.S.; Hopkinson, A. Concise review: Evidence for CD34 as a common marker for
diverse progenitors. Stem Cells 2014, 32, 1380–1389. [CrossRef]

11. Yana, I.; Sagara, H.; Takaki, S.; Takatsu, K.; Nakamura, K.; Nakao, K.; Katsuki, M.; Taniguchi, S.; Aoki, T.; Sato, H.; et al. Crosstalk
between neovessels and mural cells directs the site-specific expression of MT1-MMP to endothelial tip cells. J. Cell Sci. 2007, 120,
1607–1614. [CrossRef]

12. Kamei, M.; Saunders, W.B.; Bayless, K.J.; Dye, L.; Davis, G.E.; Weinstein, B.M. Endothelial tubes assemble from intracellular
vacuoles in vivo. Nature 2006, 442, 453–456. [CrossRef]

13. Fantin, A.; Vieira, J.M.; Gestri, G.; Denti, L.; Schwarz, Q.; Prykhozhij, S.; Peri, F.; Wilson, S.W.; Ruhrberg, C. Tissue macrophages
act as cellular chaperones for vascular anastomosis downstream of VEGF-mediated endothelial tip cell induction. Blood 2010, 116,
829–840. [CrossRef]

14. Hellström, M.; Gerhardt, H.; Kalén, M.; Li, X.; Eriksson, U.; Wolburg, H.; Betsholtz, C. Lack of pericytes leads to endothelial
hyperplasia and abnormal vascular morphogenesis. J. Cell Biol. 2001, 153, 543–553. [CrossRef]

15. Yu, S.W.; Friedman, B.; Cheng, Q.; Lyden, P.D. Stroke-evoked angiogenesis results in a transient population of microvessels.
J. Cereb. Blood Flow Metab. 2007, 27, 755–763. [CrossRef]

16. Durán-Laforet, V.; Fernández-López, D.; García-Culebras, A.; González-Hijón, J.; Moraga, A.; Palma-Tortosa, S.; García-Yébenes, I.;
Vega-Pérez, A.; Lizasoain, I.; Moro, M.Á. Delayed Effects of Acute Reperfusion on Vascular Remodeling and Late-Phase Functional
Recovery After Stroke. Front. Neurosci. 2019, 13, 767. [CrossRef]

17. Li, Q.; Ford, M.C.; Lavik, E.B.; Madri, J.A. Modeling the neurovascular niche: VEGF- and BDNF-mediated cross-talk between
neural stem cells and endothelial cells: An in vitro study. J. Neurosci. Res. 2006, 84, 1656–1668. [CrossRef]

18. Fujioka, T.; Kaneko, N.; Sawamoto, K. Blood vessels as a scaffold for neuronal migration. Neurochem. Int. 2019, 126, 69–73.
[CrossRef]

19. Hatakeyama, M.; Ninomiya, I.; Kanazawa, M. Angiogenesis and neuronal remodeling after ischemic stroke. Neural Regen. Res.
2020, 15, 16–19. [CrossRef]

20. Radak, D.; Katsiki, N.; Resanovic, I.; Jovanovic, A.; Sudar-Milovanovic, E.; Zafirovic, S.; Mousad, S.A.; Isenovic, E.R. Apoptosis
and Acute Brain Ischemia in Ischemic Stroke. Curr. Vasc. Pharmacol. 2017, 15, 115–122. [CrossRef]

21. Jovin, T.G.; Yonas, H.; Gebel, J.M.; Kanal, E.; Chang, Y.F.; Grahovac, S.Z.; Goldstein, S.; Wechsler, L.R. The cortical ischemic core
and not the consistently present penumbra is a determinant of clinical outcome in acute middle cerebral artery occlusion. Stroke
2003, 34, 2426–2433. [CrossRef] [PubMed]

22. Lourbopoulos, A.; Mamrak, U.; Roth, S.; Balbi, M.; Shrouder, J.; Liesz, A.; Hellal, F.; Plesnila, N. Inadequate food and water intake
determine mortality following stroke in mice. J. Cereb. Blood Flow Metab. 2017, 37, 2084–2097. [CrossRef] [PubMed]

23. Pfeilschifter, W.; Bohmann, F.; Baumgarten, P.; Mittelbronn, M.; Pfeilschifter, J.; Lindhoff-Last, E.; Steinmetz, H.; Foerch, C. Throm-
bolysis with recombinant tissue plasminogen activator under dabigatran anticoagulation in experimental stroke. Ann. Neurol.
2012, 71, 624–633. [CrossRef]

24. Pierre, S.; Scholich, K. Toponomics: Studying protein-protein interactions and protein networks in intact tissue. Mol. Biosyst. 2010,
6, 641–647. [CrossRef]

25. Pierre, S.; Linke, B.; Suo, J.; Tarighi, N.; Del Turco, D.; Thomas, D.; Ferreiros, N.; Stegner, D.; Frolich, S.; Sisignano, M.; et al. GPVI
and Thromboxane Receptor on Platelets Promote Proinflammatory Macrophage Phenotypes during Cutaneous Inflammation.
J. Investig. Dermatol. 2017, 137, 686–695. [CrossRef]

26. Kornstädt, L.; Pierre, S.; Weigert, A.; Ebersberger, S.; Schäufele, T.J.; Kolbinger, A.; Schmid, T.; Cohnen, J.; Thomas, D.;
Ferreirós, N.; et al. Bacterial and Fungal Toll-Like Receptor Activation Elicits Type I IFN Responses in Mast Cells. Front. Immunol.
2020, 11, 607048. [CrossRef]

27. McQuin, C.; Goodman, A.; Chernyshev, V.; Kamentsky, L.; Cimini, B.A.; Karhohs, K.W.; Doan, M.; Ding, L.; Rafelski, S.M.;
Thirstrup, D.; et al. CellProfiler 3.0: Next-generation image processing for biology. PLoS Biol. 2018, 16, e2005970. [CrossRef]

28. Amir, E.D.; Davis, K.L.; Tadmor, M.D.; Simonds, E.F.; Levine, J.H.; Bendall, S.C.; Shenfeld, D.K.; Krishnaswamy, S.; Nolan, G.P.;
Pe’er, D. viSNE enables visualization of high dimensional single-cell data and reveals phenotypic heterogeneity of leukemia.
Nat. Biotechnol. 2013, 31, 545–552. [CrossRef]

29. Levine, J.H.; Simonds, E.F.; Bendall, S.C.; Davis, K.L.; Amir, E.D.; Tadmor, M.D.; Litvin, O.; Fienberg, H.G.; Jager, A.; Zunder,
E.R.; et al. Data-Driven Phenotypic Dissection of AML Reveals Progenitor-like Cells that Correlate with Prognosis. Cell 2015, 162,
184–197. [CrossRef]

30. Qiu, P.; Simonds, E.F.; Bendall, S.C.; Gibbs, K.D.J.; Bruggner, R.V.; Linderman, M.D.; Sachs, K.; Nolan, G.P.; Plevritis, S.K.
Extracting a cellular hierarchy from high-dimensional cytometry data with SPADE. Nat. Biotechnol. 2011, 29, 886–891. [CrossRef]

31. Schapiro, D.; Jackson, H.W.; Raghuraman, S.; Fischer, J.R.; Zanotelli, V.R.T.; Schulz, D.; Giesen, C.; Catena, R.; Varga, Z.;
Bodenmiller, B. histoCAT: Analysis of cell phenotypes and interactions in multiplex image cytometry data. Nat. Methods 2017, 14,
873–876. [CrossRef] [PubMed]

32. Otasek, D.; Morris, J.H.; Bouças, J.; Pico, A.R.; Demchak, B. Cytoscape Automation: Empowering workflow-based network
analysis. Genome Biol. 2019, 20, 185. [CrossRef]

http://doi.org/10.2174/1570159X18666200720173316
http://doi.org/10.1002/stem.1661
http://doi.org/10.1242/jcs.000679
http://doi.org/10.1038/nature04923
http://doi.org/10.1182/blood-2009-12-257832
http://doi.org/10.1083/jcb.153.3.543
http://doi.org/10.1038/sj.jcbfm.9600378
http://doi.org/10.3389/fnins.2019.00767
http://doi.org/10.1002/jnr.21087
http://doi.org/10.1016/j.neuint.2019.03.001
http://doi.org/10.4103/1673-5374.264442
http://doi.org/10.2174/1570161115666161104095522
http://doi.org/10.1161/01.STR.0000091232.81947.C9
http://www.ncbi.nlm.nih.gov/pubmed/14500935
http://doi.org/10.1177/0271678X16660986
http://www.ncbi.nlm.nih.gov/pubmed/27449604
http://doi.org/10.1002/ana.23558
http://doi.org/10.1039/b910653g
http://doi.org/10.1016/j.jid.2016.09.036
http://doi.org/10.3389/fimmu.2020.607048
http://doi.org/10.1371/journal.pbio.2005970
http://doi.org/10.1038/nbt.2594
http://doi.org/10.1016/j.cell.2015.05.047
http://doi.org/10.1038/nbt.1991
http://doi.org/10.1038/nmeth.4391
http://www.ncbi.nlm.nih.gov/pubmed/28783155
http://doi.org/10.1186/s13059-019-1758-4


Cells 2022, 11, 1659 15 of 15

33. Kestner, R.-I.; Mayser, F.; Vutukuri, R.; Hansen, L.; Günther, S.; Brunkhorst, R.; Devraj, K.; Pfeilschifter, W. Gene Expression Dy-
namics at the Neurovascular Unit During Early Regeneration After Cerebral Ischemia/Reperfusion Injury in Mice. Front. Neurosci.
2020, 14, 280. [CrossRef]

34. Mages, B.; Fuhs, T.; Aleithe, S.; Blietz, A.; Hobusch, C.; Härtig, W.; Schob, S.; Krueger, M.; Michalski, D. The Cytoskeletal Elements
MAP2 and NF-L Show Substantial Alterations in Different Stroke Models While Elevated Serum Levels Highlight Especially
MAP2 as a Sensitive Biomarker in Stroke Patients. Mol. Neurobiol. 2021, 58, 4051–4069. [CrossRef]

35. Kharlamov, A.; LaVerde, G.C.; Nemoto, E.M.; Jungreis, C.A.; Yushmanov, V.E.; Jones, S.C.; Boada, F.E. MAP2 immunostaining
in thick sections for early ischemic stroke infarct volume in non-human primate brain. J. Neurosci. Methods 2009, 182, 205–210.
[CrossRef]

36. Ma, Y.; Yang, S.; He, Q.; Zhang, D.; Chang, J. The Role of Immune Cells in Post-Stroke Angiogenesis and Neuronal Remodeling:
The Known and the Unknown. Front. Immunol. 2021, 12, 784098. [CrossRef] [PubMed]

37. Karamchandani, R.R.; Rhoten, J.B.; Strong, D.; Chang, B.; Asimos, A.W. Mortality after large artery occlusion acute ischemic
stroke. Sci. Rep. 2021, 11, 10033. [CrossRef] [PubMed]

38. Wakayama, K.; Shimamura, M.; Sata, M.; Sato, N.; Kawakami, K.; Fukuda, H.; Tomimatsu, T.; Ogihara, T.; Morishita, R.
Quantitative measurement of neurological deficit after mild (30 min) transient middle cerebral artery occlusion in rats. Brain Res.
2007, 1130, 181–187. [CrossRef]

39. Chiazza, F.; Pintana, H.; Lietzau, G.; Nyström, T.; Patrone, C.; Darsalia, V. The Stroke-Induced Increase of Somatostatin-Expressing
Neurons is Inhibited by Diabetes: A Potential Mechanism at the Basis of Impaired Stroke Recovery. Cell Mol. Neurobiol. 2021, 41,
591–603. [CrossRef]

40. Sugiyama, Y.; Yagita, Y.; Oyama, N.; Terasaki, Y.; Omura-Matsuoka, E.; Sasaki, T.; Kitagawa, K. Granulocyte colony-stimulating
factor enhances arteriogenesis and ameliorates cerebral damage in a mouse model of ischemic stroke. Stroke 2011, 42, 770–775.
[CrossRef]

41. Kinnaird, T.; Stabile, E.; Burnett, M.S.; Lee, C.W.; Barr, S.; Fuchs, S.; Epstein, S.E. Marrow-derived stromal cells express
genes encoding a broad spectrum of arteriogenic cytokines and promote in vitro and in vivo arteriogenesis through paracrine
mechanisms. Circ. Res. 2004, 94, 678–685. [CrossRef] [PubMed]

42. Cao, J.; Dong, L.; Luo, J.; Zeng, F.; Hong, Z.; Liu, Y.; Zhao, Y.; Xia, Z.; Zuo, D.; Xu, L.; et al. Supplemental N-3 Polyunsaturated
Fatty Acids Limit A1-Specific Astrocyte Polarization via Attenuating Mitochondrial Dysfunction in Ischemic Stroke in Mice.
Oxid. Med. Cell. Longev. 2021, 2021, 5524705. [CrossRef] [PubMed]

43. Zhao, N.; Xu, X.; Jiang, Y.; Gao, J.; Wang, F.; Xu, X.; Wen, Z.; Xie, Y.; Li, J.; Li, R.; et al. Lipocalin-2 may produce damaging effect
after cerebral ischemia by inducing astrocytes classical activation. J. Neuroinflamm. 2019, 16, 168. [CrossRef]

44. Hill, M.A.; Nourian, Z.; Ho, I.-L.; Clifford, P.S.; Martinez-Lemus, L.; Meininger, G.A. Small Artery Elastin Distribution and
Architecture-Focus on Three Dimensional Organization. Microcirculation 2016, 23, 614–620. [CrossRef]

45. Gao, Y.; Whitaker-Dowling, P.; Barmada, M.A.; Basse, P.H.; Bergman, I. Viral infection of implanted meningeal tumors induces
antitumor memory T-cells to travel to the brain and eliminate established tumors. Neuro-Oncology 2015, 17, 536–544. [CrossRef]
[PubMed]

46. Mastorakos, P.; McGavern, D. The anatomy and immunology of vasculature in the central nervous system. Sci. Immunol. 2019,
4, eaav0492. [CrossRef]

47. Perez-de-Puig, I.; Miró-Mur, F.; Ferrer-Ferrer, M.; Gelpi, E.; Pedragosa, J.; Justicia, C.; Urra, X.; Chamorro, A.; Planas, A.M.
Neutrophil recruitment to the brain in mouse and human ischemic stroke. Acta Neuropathol. 2015, 129, 239–257. [CrossRef]

48. Schläger, C.; Körner, H.; Krueger, M.; Vidoli, S.; Haberl, M.; Mielke, D.; Brylla, E.; Issekutz, T.; Cabañas, C.; Nelson, P.J.; et al.
Effector T-cell trafficking between the leptomeninges and the cerebrospinal fluid. Nature 2016, 530, 349–353. [CrossRef]

49. Otxoa-de-Amezaga, A.; Gallizioli, M.; Pedragosa, J.; Justicia, C.; Miró-Mur, F.; Salas-Perdomo, A.; Díaz-Marugan, L.; Gunzer, M.;
Planas, A.M. Location of Neutrophils in Different Compartments of the Damaged Mouse Brain After Severe Ischemia/Reperfusion.
Stroke 2019, 50, 1548–1557. [CrossRef]

50. Houze, J.B.; Zhu, L.; Sun, Y.; Akerman, M.; Qiu, W.; Zhang, A.J.; Sharma, R.; Schmitt, M.; Wang, Y.; Liu, J.; et al. AMG 837:
A potent, orally bioavailable GPR40 agonist. Bioorg. Med. Chem. Lett. 2012, 22, 1267–1270. [CrossRef]

51. Herisson, F.; Frodermann, V.; Courties, G.; Rohde, D.; Sun, Y.; Vandoorne, K.; Wojtkiewicz, G.R.; Masson, G.S.; Vinegoni, C.;
Kim, J.; et al. Direct vascular channels connect skull bone marrow and the brain surface enabling myeloid cell migration.
Nat. Neurosci. 2018, 21, 1209–1217. [CrossRef] [PubMed]

52. Michel, L.; Grasmuck, C.; Charabati, M.; Lécuyer, M.-A.; Zandee, S.; Dhaeze, T.; Alvarez, J.I.; Li, R.; Larouche, S.;
Bourbonnière, L.; et al. Activated leukocyte cell adhesion molecule regulates B lymphocyte migration across central ner-
vous system barriers. Sci. Transl. Med. 2019, 11, eaaw0475. [CrossRef] [PubMed]

53. Gelderblom, M.; Leypoldt, F.; Steinbach, K.; Behrens, D.; Choe, C.-U.; Siler, D.A.; Arumugam, T.V.; Orthey, E.; Gerloff, C.;
Tolosa, E.; et al. Temporal and spatial dynamics of cerebral immune cell accumulation in stroke. Stroke 2009, 40, 1849–1857.
[CrossRef] [PubMed]

54. Iadecola, C.; Buckwalter, M.S.; Anrather, J. Immune responses to stroke: Mechanisms, modulation, and therapeutic potential.
J. Clin. Investig. 2020, 130, 2777–2788. [CrossRef]

55. Ribatti, D.; Crivellato, E. Immune cells and angiogenesis. J. Cell. Mol. Med. 2009, 13, 2822–2833. [CrossRef]

http://doi.org/10.3389/fnins.2020.00280
http://doi.org/10.1007/s12035-021-02372-3
http://doi.org/10.1016/j.jneumeth.2009.06.014
http://doi.org/10.3389/fimmu.2021.784098
http://www.ncbi.nlm.nih.gov/pubmed/34975872
http://doi.org/10.1038/s41598-021-89638-x
http://www.ncbi.nlm.nih.gov/pubmed/33976365
http://doi.org/10.1016/j.brainres.2006.10.088
http://doi.org/10.1007/s10571-020-00874-7
http://doi.org/10.1161/STROKEAHA.110.597799
http://doi.org/10.1161/01.RES.0000118601.37875.AC
http://www.ncbi.nlm.nih.gov/pubmed/14739163
http://doi.org/10.1155/2021/5524705
http://www.ncbi.nlm.nih.gov/pubmed/34211624
http://doi.org/10.1186/s12974-019-1556-7
http://doi.org/10.1111/micc.12294
http://doi.org/10.1093/neuonc/nou231
http://www.ncbi.nlm.nih.gov/pubmed/25223975
http://doi.org/10.1126/sciimmunol.aav0492
http://doi.org/10.1007/s00401-014-1381-0
http://doi.org/10.1038/nature16939
http://doi.org/10.1161/STROKEAHA.118.023837
http://doi.org/10.1016/j.bmcl.2011.10.118
http://doi.org/10.1038/s41593-018-0213-2
http://www.ncbi.nlm.nih.gov/pubmed/30150661
http://doi.org/10.1126/scitranslmed.aaw0475
http://www.ncbi.nlm.nih.gov/pubmed/31723036
http://doi.org/10.1161/STROKEAHA.108.534503
http://www.ncbi.nlm.nih.gov/pubmed/19265055
http://doi.org/10.1172/JCI135530
http://doi.org/10.1111/j.1582-4934.2009.00810.x

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Transient Middle Cerebral Artery Occlusion and Post-Stroke Care 
	Multi-Epitope-Ligand-Carthographie (MELC) 
	Analysis of MELC Data 
	Data Analysis and Statistics 

	Results 
	Long-Term Recovery from Stroke 
	Temporal and Spatial Patterns of Neoangiogenesis during Stroke Recovery 
	Temporal and Spatial Patterns of Immune Cell Recruitment 

	Discussion 
	References

